Nitride-strengthened reduced activation ferritic/martensitic (RAFM) steels are developed taking advantage of the high thermal stability of nitrides. In the current study, the microstructure and mechanical properties of a nitride-strengthened RAFM steel with improved composition were investigated. Fully martensitic microstructure with fine nitrides dispersion was achieved in the steel. In all, 1.4 pct Mn is sufficient to suppress delta ferrite and assure the steel of the full martensitic microstructure. Compared to Eurofer97, the steel showed similar strength at room temperature but higher strength at 873 K (600°C). The steel exhibited very high impact toughness and a low ductile-to-brittle transition temperature (DBTT) of 243 K (-30°C), which could be further reduced by purification.
I. INTRODUCTION
THE structural materials in future fusion reactor need to withstand high temperature under long-term loading and irradiation. [1] Currently, reduced activation ferritic/martensitic steels (RAFM) are the leading candidate structural materials for fusion reactors due to the high thermal properties and superior swelling resistance compared with austenitic stainless steel. [2] The typical microstructure of the RAFM steels is the tempered martensite with a large number of precipitates. [3] There are two main types of precipitates, M 23 C 6 (M is for Cr, Fe, W, etc.) and MX (M is for V, Ta, etc. and X is for C, N) in RAFM steels. However, it has been proved that the coarsening rates of these two kinds of precipitates are different during creep and the coarsening rate of M 23 C 6 carbide is much higher than that of the MX-type nitride. [4] It has been recognized that one of the effective methods of enhancing creep strength is to achieve good thermal microstructure stability by using thermally stable precipitates. [5] Taneike et al. [6] reported that when the carbon content was decreased to a very low level, the time before rupture was significantly increased in the heat-resistant steel for power plant. It could be attributed to the elimination of thermally unstable M 23 C 6 carbides. Therefore, strengthening the RAFM steels with only nitrides that have excellent thermally stability can extend the creep life.
In the microstructure and composition design of nitridestrengthened RAFM steels, instead of Co or W, Mn was employed to suppress the d-ferrite that was more prone to form due to the carbon elimination, taking into account of the reduced activation property and the formation of Laves phase Fe 2 W. A fully martensitic microstructure could be obtained by 3 pct Mn addition. However, the high Mn content leads to such severe problems as the low Ac1 temperature, Mn segregation along prior grain boundaries, and many MnS inclusions. These effects are so detrimental that the nitride-strengthened RAFM steels of high Mn content show poor performance. [7] Fortunately, after decreasing Mn content to 1.4 pct, the nitridestrengthened RAFM steels now can be tempered at temperature as high as 1023 K (750°C) and thus show excellent toughness. This article presents the microstructure and mechanical properties of the optimized nitridestrengthened RAFM steel. A more thorough review of the work published on ferritic/martensitic steels, including the low-activation variety, was given in a separate, recent paper in this journal, [8] and thus, it is not repeated here. To make a ferritic/martensitic steel ''low activation,'' both Mo and Nb are removed and replaced by W and Ta. Co should be avoided, too. The new point in the current article is the new steel composition designed. Such a steel composition has never been examined before.
II. EXPERIMENTAL
The analyzed chemical composition of the experimental steel is listed in Table I . The steel was melted in a vacuuminduction-melting furnace and then forged into square billet at 1423 K to 1123 K (1150°C to 850°C), to the dimension of 60 mm 9 100 mm 9 300 mm. After that, the steel was hot rolled to 7-mm-thick plates. The phase transformation points were measured by Formastor-F phase transformation tester at the rate of 0.05°C/s. The tester was operated in a vacuum to avoid oxidation.
To investigate the dependence of mechanical properties on tempering temperature, the plates were normalized at 1253 K (980°C) for 30 minutes and then tempered at 923 K, 973 K, and 1023 K (650°C, 700°C, and 750°C) for 90 minutes. The tensile test specimens had a gauge diameter of 5 mm and gauge length of 25 mm. Tensile testing was done to the Chinese standard GB/T 228-2002. The half-size Charpy V-notched impact specimens had a dimension of 5 mm 9 10 mm 9 55 mm. All samples were cut and machined from the tempered plates, transverse to the rolling direction. The tensile strength was evaluated at both room temperature and 873 K (600°C). The astempered half-size Charpy V-notched specimens were subjected to an impact test at room temperature, 253 K and 233 K (-20°C and -40°C). Charpy impact testing was done to the Chinese standard GB/T 229-2007.
The microstructure tempered at different temperatures was observed under a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The fractography analysis was performed on the CVN specimens under SEM.
III. RESULTS

A. Phase Transformation Points
The phase transformation temperatures measured by Formastor-F phase transformation tester are shown in Figure 1 . Both the heating rate and the cooling rate were 0.05°C/s. Measured by the tangent method as shown in Figure 1 , the austenitizing starting temperature (Ac1) is as high as 1043 K (770°C). Therefore, the steel could be tempered at high temperatures. It is also illustrated in Figure 1 that even under this slow cooling rate, martensitic transformation can also occur in the steel, which means that it is very easy for the steel to acquire a martensitic microstructure.
B. Microstructure
Figure 2(a) shows the optical microstructure of the steel, after it was normalized at 1253 K (980°C) for 30 minutes and then tempered at 1023 K (750°C) for 90 minutes. It is illustrated that full martensitic microstructure was achieved for the steel. Figure 2(b) shows the martensitic microstructure where the lath width is about 0.6 lm. It is hard to measure the dislocation density, but we can see the dislocation change from the TEM images of microstructure that the dislocations were dense when the steel was tempered at 923 K and 973 K (650°C and 700°C), while the amount of dislocations reduced when tempered at 1023 K (750°C) ( Figure 3 ). Also, no recrystallization was found.
The microstructures of the experimental steel tempered at different temperatures are observed under SEM ( Figure 4 ). It is obvious that the precipitate amount increased with the tempering temperature in the range of 923 K to 1023 K (650°C to 750°C). As we can see in Figure 4 (a), there were rare precipitates in the matrix when the steel was tempered at 923 K (650°C). However, when the tempering temperature was increased to 973 K (700°C), the number of precipitates greatly increased, just as shown in Figure 4 (b). Subsequently, when the tempering temperature was increased to 1023 K (750°C), the nanosized nitrides were observed to keep on increasing in quantity. Besides, the shape of the nitrides was sharper and clearer, which should indicate that the nitrides were becoming incoherent with the matrix.
C. Tensile Properties
The tensile test results are shown in Table II . The yield strength at room temperature was decreased from 799 MPa to 734 MPa, and then to 565 MPa when the tempering temperature was increased from 923 K to 973 K (650°C to 700°C), and then to 1023 K (750°C). It seems that the yield strength declined more significantly when the tempering temperature was increased from 973 K to 1023 K (700°C to 750°C). The reduction is 169 MPa. However, the similar trend could not be observed in the yield strength at 873 K (600°C). When tested at 873 K (600°C), the reduction of yield strength is 62 and 73 MPa, when the tempering temperature was increased from 923 K to 973 K (650°C to 700°C) and from 973 K to 1023 K (700°C to 750°C), respectively. The difference is small and can be neglected.
Eurofer97 has a very high Ac1 temperature. Therefore, it can be tempered at 1033 K (760°C). However, our steel has a lower Ac1 temperature. As shown in Figure 1 , the Ac1 temperature is 1043 K (770°C). The tempering temperature should not be higher than the Ac1 temperature, and it is not proper to make a comparison with Eurofer97 under exactly the same heat treatment condition. The important point is that they both can be used at 873 K (600°C). Furthermore, unpublished work showed that if the Mn content was reduced to 1 pct, the Ac1 was increased to around 1093 K (820°C).
D. Charpy Tests
The Charpy test results of the experimental steel are shown in Figure 5 . After tempering at 923 K (650°C) for 90 minutes, the room-temperature impact energy of the specimen was as low as only 2 J. However, the room-temperature impact energy abruptly increased to around 100 J with the increase of tempering temperature from 923 K to 973 K (650°C to 700°C), and 1023 K (750°C). The 253 K (-20°C) impact toughness of the steel tempered at 973 K (700°C) remained as poor as when tempered at 923 K (650°C). However, when the tempering temperature further increased to 1023 K (750°C), the 253 K (-20°C) impact toughness could be greatly improved again. When the testing temperature was decreased to 233 K (-40°C), even the specimen tempered at 1023 K (750°C) gave the poor impact energy of several Joules.
The fractography analysis under SEM was conducted on the broken Charpy impact specimens. Brittle cleavage fracture was observed on the fracture surface of the Charpy impact sample tempered at 923 K (650°C), and Ta-rich inclusions were found to initiate the cleavage fracture, as shown in Figures 6(a) through (d) . With the increase of tempering temperature, the toughness was remarkably increased. It displayed an excellent roomtemperature impact energy of 107 J when tempered at 1023 K (750°C), and a ductile fracture characteristic shown in Figures 6(e) and (f) was observed. Figure 5 shows the relationship between impact toughness and testing temperatures. The result shows clearly that when tempering temperature was increased from 923 K to 1023 K (650°C to 750°C), the ductile-to-brittle transition temperature (DBTT) was significantly decreased from above room temperature to 243 K (-30°C).
IV. DISCUSSION
A. Effect of Tempering Temperature on Nitride Precipitation
It is clearly shown in Figure 4 that the tempering temperature is critical to the nitride precipitation. When the tempering temperature is 923 K (650°C), few nitride particles were observed by SEM, as shown in Figure 4(a) . It means that the tempering temperature of 923 K (650°C) is not high enough for the nitrides to precipitate. When the tempering temperature was increased to 973 K (700°C), some nitrides were observed by SEM, as shown in Figure 4(b) . However, the nitrides in the 973 K (700°C) tempered sample were not in as great numbers as those in the 1023 K (750°C) tempered sample shown in Figure 4 (c). From the impact result, when the steel was tempered at 973 K (700°C), the 253 K (-20°C) impact toughness is as poor as 3 Joules. When the tempering temperature was increased to 1023 K (750°C), the 253 K (-20°C) impact toughness was nearly a hundred Joules. It could also be indirectly proved that the nitride precipitation was far from complete at the tempering temperature of 973 K (700°C), for if the nitride was completely precipitated when tempered at 973 K (700°C), the impact toughness should be as good as that when tempered at 1023 K (750°C).
An attempt was made to identify the precipitate particles. We could only identify the morphology ( Figure 7) . As to the chemical composition, identifying is very difficult due to the small size of nitrides.
The composition was designed taking consideration of avoiding Z phase. Therefore, the nitrogen content was strictly controlled to be under 0.05 pct. In addition, the 9 pct chromium content would not facilitate the formation of the Z phase before 10,000 hours creep. Hald and other researchers have reported extensively on this topic. [10] [11] [12] [13] [14] [15] It is thought that Z phase is not serious in 9 pct chromium steels, but should be taken into account in 12 pct chromium steels.
[16] The precipitation strengthening depends on the distance between precipitate particles. Based on the measurement of the distance between precipitate particles, the precipitation strengthening due to nitrides can be discussed and then the precipitation strengthening with the solid-solution strengthening due to solute nitrogen can be compared.
We do not have quantitative data on the distance between precipitate particles, currently. Although there is SEM and TEM work shown in this paper, interparticle spacing cannot be taken simply from measurements on micrographs because SEM is a surface or sectioning technique, while TEM specimens have finite specimen thickness. In simple terms, the average distance between particles on SEM or TEM micrographs is not straightforwardly the average particle spacing. A quantitative discussion on precipitation strengthening due to nitrides and comparing the precipitation strengthening with the solid-solution strengthening due to solute nitrogen are outside the scope of this article.
B. Dependence of Strength on Tempering Temperature
As depicted in Section III, the strength decreased with the increase of tempering temperature. A strength decrease could be attributed to several reasons such as recrystallization, [17] decreased dislocation density, [18] and reduction of the amount of alloying elements in solid solution. [19] The strengthening effect of free nitrogen atoms in the matrix is much higher than the precipitation hardening of nitrides. So, the yield strength quickly drops when tempered at 1023 K (750°C). It is certain that recrystallization did not play a role at all in the strength decrease because no recrystallized grains were observed in the tempered microstructure. As to the dislocation density, a given tempering temperature in the range of 923 K to 1023 K (650°C to 750°C) should lead to a corresponding dislocation density because the tempering temperatures of 923 K (650°C) and higher is high enough for dislocations to move and annihilate, and then reach a stable density. [20] Hence, if the decrease of dislocation density has the largest effect, the strength should decrease gradually with the increase of the tempering temperature. However, as illustrated in Table II , the yield strength decreased by 169 MPa when the tempering temperature was increased from 973 K to 1023 K (700°C to 750°C), much larger than 65 MPa when the tempering temperature was increased from 923 K to 973 K (650°C to 700°C). Therefore, apart from the dislocation density, it is reasonable to look for a further cause for the large decrease of strength.
Nitrogen is as effective as carbon in solid-solution strengthening. Nitrogen solid-solution strengthening increases both the yield strength and ultimate strength strongly, [21] which should be an important reason for the high strength of samples tempered at 923 K (650°C) when tested at room temperature. When the tempering temperature was increased to 1023 K (750°C), the important change in the microstructure was the precipitation of nitrides. A large number of nitrides forms along the boundaries and in the matrix. On the one hand, the nitride precipitation would consume dislocations by nucleating on them and cause a strength loss. [22] On the other hand, the formation of nitrides consumed a lot of free nitrogen, which had provided solid-solution strengthening to a great degree and, thus, brought about a large strength decrease. Although the nitride precipitation strengthening may contribute to the strength, it could not compensate for the loss of the solid-solution strengthening of N atoms. [23] Therefore, the strength decreased much quicker when the sample was tempered at 1023 K (750°C), as demonstrated in Table II. However, the high temperature strength and roomtemperature ultimate tensile strength seemed to linearly decrease with the increase of the tempering temperature. No accelerated decrease was detected. It seems to indicate that the solid-solution strengthening does not affect the high temperature strength and the ultimate tensile strength as much as the yield strength at room temperature. C. Dependence of Impact Toughness on Tempering Temperature Figure 5 illustrates that the impact toughness depends a lot on the tempering temperature. The microstructure change described in Section IV-A can also explain the dependence of room-temperature impact toughness on the tempering temperature. With the increase of tempering temperature, the dislocation density was decreased either by their own thermal interaction or by acting as the nucleation sites of nitrides. Hence, the matrix became tough and can accommodate larger deformation and absorb more energy, which indicated high impact toughness. [24] Low DBTT is one of the critical issues for RAFM steels. It is shown in Figure 5 that the DBTT was decreased from above room temperature to 243 K (-30°C) when the tempering temperature increased from 923 K to 1023 K (650°C to 750°C). Generally, it can be assumed that the cleavage fracture stress slightly changes with test temperature and tempering temperature. Thus, it is easy to phenomenologically understand that the DBTT will decrease with the increase of the tempering temperature because of the decrease of yield strength. [25] As discussed above, the reduction of dislocation density and the nitride precipitation are the reason for the decrease of yield strength. So, it actually can be interpreted that the DBTT decrease can be really associated with the two changes in microstructure.
D. Inclusion in Steels
When tempered at 923 K (650°C), the steel possessed very high strength but poor toughness. Usually, higher strength is related to smaller critical crack size. [26] It means that when tempered at 923 K (650°C), although the steel possessed high strength, it can only tolerate very small size inclusions. Such inclusions larger than the critical crack size will be harmful to the impact toughness. As shown in Figures 6(a) through (d) , the inclusions identified to be Ta-rich by energy-dispersive X-ray spectroscopy (EDS) served as preexisting cracks and initiated the cleavage fracture, which did harm the impact toughness. Thus, the impact toughness could be further improved by purification.
However, when tempered at 1023 K (750°C), the strength of the steel was decreased and the matrix became tough. The critical crack size of the steel was increased. Therefore, the matrix can accommodate large size inclusions. Hence, the Ta-rich inclusions were observed at the bottom of some dimples, as shown in Figure 6 (f).
Further investigation of the mechanism of the Ta-rich inclusions is ongoing. Recently, the results are more in favor of the suggestion that the Ta-rich inclusions are purely undissolved Ta, as can be seen from the following EDS results. As shown in Figures 8 and 9 , the EDS of the particles show very small peak of iron, especially in Figure 9 . However, the Ta peak is very strong, which should be adequate to demonstrate that the Ta-rich particles are not Fe 2 Ta or FeTa. These particles were observed in all the conditions of the steel. They existed even when melting.
However, this result of pure undissolved Ta is rather hard to accept. Some of the ingots were slat remelted after vacuum melting. Ta should have enough time and temperature to get into the matrix.
We are designing an experiment to investigate the maximum solubility of Ta in pure iron, which would help us to know whether Ta was too much for the steel to dissolve. If it turns out to be the case, then the Ta-rich inclusions would be able to be eliminated by reducing the Ta content.
V. CONCLUSIONS
The microstructure and mechanical properties of a nitride-strengthened RAFM steel were investigated in the current work. The following conclusions could be drawn:
1. The steel with the given composition, in which the Mn content is 1.4 pct, could possess full martensite microstructure after normalizing and tempering. 2. The strength of the steel decreased with the increase of tempering temperature. With the increase of tempering temperature, the room-temperature impact toughness of the steel increased dramatically. In addition, the DBTT was decreased from above room temperature to 243 K (-30°C) when the tempering temperature was increased from 923 K to 1023 K (650°C to 750°C), which might be phenomenologically interpreted as due to the decrease of yield strength. 3. The Ta-rich inclusions were observed to serve as initiators in the origin of cleavage fracture on the fracture surface of the brittle, broken impact Charpy samples while they also were found at the bottom of some of the dimples on the surface of the ductile broken impact Charpy samples. The detrimental effect depends on whether their size is larger than the critical crack size of the sample. Fig. 9 -EDS under TEM showing that the particle is pure Ta, in the steel after normalizing at 1253 K (980°C) and tempering at 1023 K (750°C).
